Abstract: Lamellarins are a large family of marine alkaloids with potential anticancer activity that have been isolated from diverse marine organisms, mainly ascidians and sponges. All lamellarins feature a 3,4-diarylpyrrole system. Pentacyclic lamellarins, whose polyheterocyclic system has a pyrrole core, are the most active compounds. Some of these alkaloids are potently cytotoxic to various tumor cell lines. To date, Lam-D and Lam-H have been identified as lead compounds for the inhibition of topoisomerase I and HIV-1 integrase, respectively-nuclear enzymes which are over-expressed in deregulation disorders. Moreover, these compounds have been reported for their efficacy in treatment of multi-drug resistant (MDR) tumors cells without mediated drug efflux, as well as their immunomodulatory activity and selectivity towards melanoma cell lines. This article is an overview of recent literature on lamellarins, encompassing their isolation, recent synthetic strategies for their total synthesis, the preparation of their analogs, studies on their mechanisms of action, and their structure-activity relationships (SAR).
Introduction:
Lamellarins are a large family of marine alkaloids characterized by their unusual structures and important activities. From a structural perspective, two groups of lamellarins can be found. Members of the larger of the two groups possess a pentacyclic system of 6-oxobenzo [b] pyrano [3,4-b] The second group of lamellarins, which are less structurally complex, are derivatives of methyl 3,4-bis(phydroxyphenyl)pyrrole-2-carboxylate, and which differ in their N-pyrrole substituent ( Figure 1 ).
Lamellarins O (Lam-O) and P (Lam-P) [10] contain a common p-methoxyacetophenone on their N-pyrrole, Lam-Q [11] has a un-substituted pyrrole, and Lam-R has an N-(p-hydroxyphenyl)pyrrole [11] . The bioactivities of these compounds are not significant. 
Fig. (1). Structures of lamellarins O-R, lukianol A, ningalins B and D, polycitone A, and purpurone
Lamellarins can be biosynthesized from three molecules of tyrosine or DOPA [4, 11] , similarly to several related marine alkaloid families such as lukianols [12] , ningalins [13] , polycitones [14] and purpurone [15] ( Figure 1 ). Several reviews on lamellarins have recently been published [16] . Herein is covered work related to their isolation, synthesis and activity that was published between 2004 and December 2007.
Isolation of lamellarins
Lamellarins were initially isolated from a prosobranch mollusk of the genus Lamellaria [1] and subsequently found in various organisms, mostly ascidians, which are prey of the former. More than thirty lamellarins have been isolated to date, but only few show interesting bioactive properties [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Venkateswarlu et al. [7] recently isolated from the Indian red colonial ascidian Didemnum obscurum three [8] . The structures of the lamellarins isolated by Venkateswarlu et al. [7, 8] were established using standard spectroscopic techniques, and the structure of Lam-K triacetate was confirmed by X-ray crystallographic analysis.
Synthesis
Lamellarins are rather complex structural targets. Several approaches to their synthesis can be found in the literature. These fall into two main synthetic categories: (a) pyrrole formation as the cornerstone of the synthesis; and (b) transformation of a pre-existing pyrrole derivative through cross-coupling reactions.
a) Pyrrole ring formation
A highly efficient synthesis of Lam-K and Lam-L was described by Ruchirawat et al. [17] . The pyrrole ring was constructed via Michael addition followed by a ring-closing reaction of benzyldihydroisoquinoline derivatives with ethoxycarbonyl-β-nitrostyrenes ( Figure 2) . Formation of the pyrrole ring produces the dihydropyrrolo[2,1-a]isoquinoline in which all the phenol groups were protected as benzyl-ethers.
Deprotection by hydrogenolysis followed by base-mediated lactonization gave the natural products. The same methodology was used to prepare several natural saturated and unsaturated lamellarins, as well as various analogs [18] . 
Fig. (2) . Synthesis of lamellarins K and L
The same authors reported an elegant preparation of the lamellarin skeleton using a slightly different pyrrole ring formation from benzyldihydroisoquinoline and a phenacyl bromide [19] . They used polymersupported reagents to simplify the work-up and obviate column chromatography. The pyrrole ring was constructed in one pot by quaternization of the isoquinoline followed by an aldol-type condensation.
Subsequent intramolecular Friedel-Crafts transacylation, and finally, lactonization, afforded the lamellarin skeleton. As shown in Figure 3 , polymer-supported reagents were used for the following steps: selective The total synthesis of Lam-α 20-sulfate [25] has been performed using a Hinsberg-type pyrrole synthesis and Suzuki-Miyaura cross-coupling as the key reactions. The synthesis featured an interesting combination of protecting groups for the phenols [26] . The pentacyclic system of lamellarins was obtained with two Removal of the allylic protecting group with Pd-C and TsOH resulted in simultaneous formation of the pentacyclic lamellarin skeleton and lactonization. This elegant method was not used for the preparation of a natural product; it was only applied to the construction of the lamellarin skeleton. 
Fig. (8). Synthesis of the lamellarin skeleton by electrocyclization of azomethine ylides
A recently developed method for rapid access to the pyrroloisoquinoline core structures related to lamellarins is based on silver-catalyzed domino cycloisomerization-dipolar cycloaddition of alkynyl Nbenzylideneglycinate 4 and acetylene mono-or di-carboxylate ( Figure 9 ). Reactions conducted at 60ºC in toluene using 2,6-di-ter-butyl-4-methylpyridine (DTBMP) as base, and in the absence of oxidants, afforded optimal results ( Figure 9 ). Several diversely substituted pyrroloisoquinolines were thus prepared [29] . Table 5 ) [34] . Other C4-C5-bisarylpyrrole-2-carboxylate simplified analogs were synthesized by Banwell et al. [35] .
Lam-Q dimethyl ether and Lam-O have been synthesized from C3-C4-bisaryl pyrroles obtained by regioselective halogenation and Suzuki-Miyaura reaction of a 2-trichloroacetylpyrrole ( Figure 13 ) [36] . 
Fig. (13). Synthesis of lamellarin Q dimethyl ether

Activity and mechanism of action:
Lamellarins and their derivatives are multi-drug resistance (MDR) reversal agents. As some of them are highly cytotoxic, they have been tested against various cancer cell lines. The results are summarized in Table 3 . [8] and leukemia cells [37] . Several molecular targets have been described for Lam-D and other lamellarins.
Molecular structure-activity determinants
Lamellarins with a C8-C9 double bond are generally more cytotoxic than their corresponding saturated analogs. This is very clear in the case of Lam-D, which is considerably more cytotoxic than its synthetic saturated analog, Lam-501 (Figure 14) , which has no effect on topoisomerase I. As such, Bailly et al.
postulated that the planarity of the pentacyclic structure is important for cytotoxicity [38] . Table 4 . Most of the derivatives with hydroxyl groups at both the C-3 and C-11 positions (15a, 15c, 15f and 15g) showed quite high activity, with IC 50 values of 10.5-70.0 nM. The low toxicity of 15b might be partly due to its low solubility in the assay medium. The hydroxyl substituent at C-3 appears to be a prerequisite for activity, since the activity of 15d (IC 50 , 0.85 µM), which lacks the hydroxyl group, was markedly lower than that of 15a (IC 50 , 10.5 10 -3 µM). The importance of the 3-hydroxyl group for bioactivity is also apparent when comparing the activity of 15e (IC 50 2.5 µM) with those of 15k (IC 50 , 5.7 µM) and 15l (IC 50 >100 µM). The hydroxyl group at C-11 might also be important for activity, since methylation of both hydroxyl groups at C-11 and C-4' of 15a and 15e leads to much lower activity. In contrast, 15g, which has the 11-hydroxy group but lacks the 4'-hydroxyl group of 15a, still maintains high activity. The presence of a hydroxyl group at C-4', and methoxy groups at C-3' and C-2, does not appear to affect activity, since the 4'-dehydroxy, 3'-demethoxy, and 2-demethoxy derivatives (15g, 15f, and 15c, respectively) displayed slightly lower activity than the parent compound. In conclusion, this study provided basic SAR on Lam-D:
hydroxyl groups at the C-3 and C-11 positions of 15a appear to be essential for cytotoxicity. These results agree with those of a molecular dynamics study performed by Iwao et al. [37] Table 5 . Structurally simplified analogs of Lam-D, in which the lactone ring was removed, and, in the case of derivatives 11 and 13, an additional aryl group was removed, all had lower activity than Lam-D. These data reveal that the complete structure is crucial for biological activity, despite being less soluble in biological media than simpler molecules. In a general overview, oxidized derivatives showed greater activity than the corresponding reduced analogs [34] . These data reveal that the complete structure is crucial for biological activity, despite being less soluble in biological media than simpler molecules. In a general overview, oxidized derivatives showed greater activity than the corresponding reduced analogs.
This fact can probably be attributed to the greater hydrogen bonding capacity of these analogs-namely, with active sites, as has been described for Lam-D [37] . The donor effect of the methoxy-substituents may explain why 12c and 14b were quite active despite not being able to act as hydrogen bond donors. The open lactone compound 14h may undergo lactonization in physiological conditions. Therefore, 14h
merits further study as a pharmacodynamic improvement on Lam-D, a validated lead compound.
Topoisomerases, the initial biomolecular engines of cell growth
Topoisomerases, nuclear enzymes than can change the topology of DNA [40, 41] , are amongst the most promising targets for inhibiting cellular proliferation. DNA topoisomerases are crucial in cellular replication; hence, they are especially attractive targets for cancer therapy. Interaction of a drug with a DNA topoisomerase can produce a stable, cytotoxic complex that inhibits post-cleavage DNA religation processes [42] . Indeed, this mode of action has been reported as a novel mechanism for many anticancer drugs [41] . featuring Lam-D superimposed in the active site [35] Bailly et al. removed topotecan from the original structure to obtain a template on which to model the drugfree covalent complexes. The main difference between the two approaches [37, 38] remains in the exocyclic phenyl ring of Lam-D, which is rotated 180° relative to the conformation reported in a previous very similar proposal, such that the methoxy group at C13 is close to the 6-amino group of adenosine in the major groove.
Finally, to support the latter refined [37] model of the cleavable Top1-DNA complex stabilized by Lam-D, a quantitative estimation of the contribution to the free energy of binding of the crucial 20-OH group was obtained through a set of precise, thermodynamic-integration free-energy simulations.
The inhibition of topoisomerase functionality alone probably does not result in cell death, but when the Lam-D stabilized ternary complex encounters a replication fork, the single DNA strand break is converted into a double DNA strand break which kills the cell.
Lam-D: taking control of mitochondria
Mitochondria [46, 47] 
Focus on HIV integrase
Current HIV treatments comprise reverse transcriptase inhibition, which prevents single-stranded viral RNA genome form being translated into double stranded DNA, and protease inhibition, which blocks the production of mature infectious virions. Whereas drugs that target these two viral enzymes have been in use for more than ten years, inhibitors of the third HIV enzyme, integrase (IN) , have yet to be developed.
Integrase is a viral protein of 32 kDa responsible for the insertion of newly reverse-transcribed doublestranded viral DNA into the host genome [48] . An IN inhibitor could offer improvements in selectivity, Ridley et al. [50] reported that the sulfate group is critical for the anti-HIV-1 integrase activity of Lam-α 20-sulfate, because Lam-α showed no inhibition of HIV-1 integrase at concentrations up to 1.6 µM. HIV-1 integrase has been demonstrated to be a DNA manipulating enzyme and is a rarely exploited target. The low cytotoxicity of the sulfate compounds is interesting in the context of antiviral agents. Indeed, during a screening program aimed at identifying inhibitors of HIV-1 integrase. Reddy et al. [9] discovered that Lam-α 20-sulfate [25] strongly inhibited both terminal cleavage of integrase and strand transfer in vitro.
However, they reported that the disulfate analog Lam-α 13,20-disulfate is less selective than Lam-α 20-sulfate, as they observed it to inhibit molluscum contagiosum virus (MCV) topoisomerase at roughly the same concentration as that used in the HIV-1 integrase assay.
Lam-H-which has six OH groups, all ortho to each other-exhibited very potent inhibition of HIV-1 integrase (IC 50 =1.3 µM), but unfortunately, was even more active in the non-selective MCV topoisomerase counterscreen (IC 50 =0.23 µM). It was very cytotoxic toward HeLa cells (LD 50 =5.7 µM). Infection assays were performed using either (a) HeLa cells or (b) p4 -2 cells.
